Abstract: Sexual reproduction was examined in the aflatoxin-producing fungus Aspergillus nomius. Crosses between sexually compatible strains resulted in the formation of multiple nonostiolate ascocarps within stromata, which places the teleomorph in genus Petromyces. Ascocarp and ascospore morphology in Petromyces nomius were similar to that in P. flavus and P. parasiticus, and differences between teleomorphs were insufficient for species separation. Formation of mature ascocarps was infrequent, with only 24% of the 83 crosses producing viable ascospores. The majority of P. nomius strains contained a single mating-type gene (MAT1-1 or MAT1-2), but several strains contained both genes. MAT1-1/MAT1-2 strains were self-sterile and capable of mating with both MAT1-1 and MAT1-2 strains; hence P. nomius appears to be functionally heterothallic.
INTRODUCTION
Aflatoxins are fungal secondary metabolites that exhibit carcinogenic, hepatotoxic and immunosuppressive properties in humans and other animals (Williams et al. 2004) . These mycotoxins are produced predominately by Aspergillus flavus Link and A. parasiticus Speare before harvest and during storage in corn, peanuts, cottonseed, tree nuts and other crops (Payne 1998) . Aflatoxins are highly regulated in agricultural commodities destined for human consumption and animal feed (van Egmond and Jonker 2005) , and the costs associated with the monitoring of aflatoxins and the market rejection of crops are enormous (Robens and Cardwell 2005) . In countries where aflatoxins are not highly regulated outbreaks of aflatoxicosis with human mortality occur periodically (Krishnamachari et al. 1975 , Lye et al. 1995 , Azziz-Baumgartner et al. 2005 .
Aflatoxigenic strains of A. flavus produce aflatoxins B 1 and B 2 and often another unrelated mycotoxin, cyclopiazonic acid, whereas A. parasiticus typically produces aflatoxins B 1 , B 2 , G 1 and G 2 but not cyclopiazonic acid (Horn et al. 1996) . A third species, A. nomius Kurtzman et al., has a mycotoxin profile similar to A. parasiticus but morphologically resembles A. flavus (Kurtzman et al. 1987 , Peterson et al. 2001 . Hesseltine et al. (1970) in a survey of aflatoxin production by Aspergillus species first reported on atypical A. flavus strains that produce both B and G aflatoxins. Several of those strains were shown to exhibit low DNA complementarity with A. flavus, A. parasiticus and related species, and the DNA reassociation data formed the basis for describing A. nomius (Kurtzman et al. 1987) . Subsequent phylogenetic analyses with DNA sequencing indicated that A. nomius forms a distinct clade within Aspergillus section Flavi (Peterson et al. 2001; Kumeda et al. 2003; Ehrlich et al. 2003 Ehrlich et al. , 2007 Peterson 2008) .
Distinguishing A. nomius from A. flavus based solely on phenotype has been problematic, relying primarily on the slower growth of A. nomius at 42 C, the indeterminate growth pattern of sclerotia and the production of G aflatoxins (Kurtzman et al. 1987) . However colony and sclerotium characters are highly variable within the species (Feibelman et al. 1998 , Ehrlich et al. 2007 , Doster et al. 2009 ) and molecular characters are the only reliable means for identification. A. nomius originally was considered rare, but recent studies indicate that A. nomius is widely distributed and might be of economic importance (Ehrlich et al. 2007 , Olsen et al. 2008 , Doster et al. 2009 ). The species often is associated with insects such as alkali bees (Hesseltine et al. 1970 , Kurtzman et al. 1987 and Formosan subterranean termites (Rojas et al. 2001) and is frequently isolated from insect frass in silkworm-rearing houses in eastern Asia (Ito et al. 1998 , Peterson et al. 2001 . In addition soil populations in agricultural fields Dorner 1998, Ehrlich et al. 2007 ) suggest that A. nomius might contribute to aflatoxin contamination of crops. A. nomius has been reported from tree nuts (Olsen et al. 2008 , Doster et al. 2009 ), sugarcane (Kumeda et al. 2003) and an assortment of seeds and grain (Kurtzman et al. 1987 , Pitt et al. 1993 , Kumeda et al. 2003 . A human case of ocular infection by A. nomius also has been documented (Manikandan et al. 2009 ).
Aspergillus section Flavi comprises an assemblage of aflatoxin-producing and -nonproducing species (Peterson 2008) . The nonaflatoxigenic A. alliaceus Thom & Church, which instead produces ochratoxin A (Bayman et al. 2002) , is homothallic and forms multiple nonostiolate ascocarps within the matrix of sclerotia (more appropriately referred to as stromata) (Fennell and Warcup 1959) . Genus Petromyces was erected to accommodate the teleomorph of A. alliaceus (Malloch and Cain 1972) . All other species within section Flavi, including A. flavus and A. parasiticus, were considered strictly asexual, having lost their ability to undergo meiosis (Geiser et al. 1996) . However molecular studies suggested that sexual reproduction might be occurring in nature, based on a population structure of A. flavus showing a lack of congruence of five gene trees (Geiser et al. 1998 ) and on the presence of recombination blocks within the aflatoxin gene cluster in A. parasiticus (Carbone et al. 2007 ) and A. flavus (Moore et al. 2009 ).
Sexual compatibility in ascomycetous fungi is mediated by mating-type genes MAT1-1 and MAT1-2 that are structurally unrelated but usually occur at the same locus (Debuchy and Turgeon 2006) . Petromyces alliaceus Malloch & Cain contains tightly linked MAT1-1 and MAT1-2 genes at a single MAT locus, which accounts for its homothallic condition (Ramirez-Prado et al. 2008) . In contrast both A. flavus and A. parasiticus are heterothallic, with each strain containing a single mating-type gene (Ramirez-Prado et al. 2008) . Crossing individuals of the opposite mating type results in the development of sexual structures in A. flavus and A. parasiticus similar to those of P. alliaceus (Horn et al. 2009a, b, c) . The teleomorphs have been assigned to genus Petromyces and designated as P. flavus Horn et al. (2009a) and P. parasiticus Horn et al. (2009c) .
Genetic recombination associated with sexual reproduction has been demonstrated in both P. flavus (Moore et al. 2009 ) and P. parasiticus (Carbone et al. 2007 , Horn et al. 2009b ). Peterson et al. (2001) reported that the patterns of polymorphisms in different genes in A. nomius reflect possible cryptic sexual reproduction and recombination. In this paper mating-type genes for A. nomius were identified and strains of the opposite mating type were crossed in an attempt to induce sexual reproduction.
MATERIALS AND METHODS
Strains of A. nomius used in crosses are listed (TABLE I) . Mating-type genes were identified according to RamirezPrado et al. (2008) . Crosses were set up such that five MAT1-1 strains (NRRL 26451, 58993, 26887, 58998, 13137) each were crossed with seven MAT1-2 strains (NRRL 26450, 26453, 58994, 26455, 26878, 26880, 26883) and with four strains containing both MAT1-1 and MAT1-2 (NRRL 58995, 26886, 58997, 58996) (TABLE II) . The four MAT1-1/ MAT1-2 strains in turn were crossed with the seven MAT1-2 strains. Conidia were mixed in equal proportions; conidial suspensions were inoculated onto slants of mixed cereal agar (McAlpin and Wicklow 2005) , and slants were incubated in darkness 14 d at 30 C as described by Horn et al. (2009b) . Slant cultures then were incubated an additional 5-10 mo at 30 C in sealed plastic bags. Sclerotia/ stromata were harvested, sectioned and examined with light and scanning electron microscopy according to Horn et al. (2009b) . The Aspergillus anamorphic state was characterized from cultures grown on Czapek agar and malt extract (2005) agar (Raper and Fennell 1965) . Viability of ascospores was tested by germination on malt extract agar as described by Horn et al. (2009b) . Ascospore dimensions were statistically compared with SigmaStat 3.5 (Jandel Scientific, San Rafael, California Coloniae in agaro Czapekii post 7 d, in temperatura 25 C diametrum 6.0-8.0 cm atque in temperatura 37 C diametrum 4.0-6.0 cm atque in temperatura 42 C diametrum 0-0.6 cm attingentes, velutinae vel floccosae. Capita conidialia cinereo-viridia vel atro-viridia. Sclerotia stromataque subglobosa vel ellipsoidea (400-1650 3 200-1000 mm) vel indeterminata elongataque vel vermiformia (1400-4000 3 400-900 mm), rufo-brunnea vel atra, textum pseudoparenchymaticum continentia. Ascocarpi 1-8, intra stromata orientes, globosi vel subglobosi, maturitate 100-560 mm, inostiolati, per peridium 14.0-42.0 mm crassum circumdati. Asci globosi vel subglobosi, 17.5-27.5 3 17.0-26.0 mm, typice ascosporas 8 continentes. Ascosporae oblatae, in aspectu frontali globosae vel late ellipsoidales, 7.5-10.5 3 7.0-10.0 mm, leviter tuberculatae, crista tenui aequatoriali praeditae, hyalinae vel pallide brunneae guttulas oleosas 1-3 continentes. Capita conidialia uniseriata vel biseriata, radiata, usque ad 950 mm diam. Stipites proxime sub vesicula 300-3000 mm longi, 7-22 mm lati, hyalini, leviter asperuli. Vesiculae globosae vel subglobosae, 16-65 mm diam. Metulae 8.1-17.3 3 4.0-8.6 mm. Phialides 7.0-11.3 3 3.0-6.5 mm. Conidia globosa vel subglobosa, 4.0-6.0 mm, tuberculata.
Colonies on Czapek agar after 7 d attaining (4.0-) 6.0-8.0 cm diam at 25 C, 4.0-6.0 cm diam at 37 C and 0-0.6(-1.5 cm) diam at 42 C. Colony surface velvety to floccose. Conidial heads en masse at 14 d grayish green (29-30D6-7 to E6-7; Kornerup and Wanscher 1978) or dark green (29F6-7). Reverse light yellow brown to orange brown. Sclerotia (FIG. 1) and stromata similar in external appearance, subglobose to ellipsoidal, (250-)400-1650(-2300) mm (mean 5 982 6 337 mm, n 5 128) 3 200-1000(-1450) mm (mean 5 607 6 211 mm) or indeterminate and elongate to vermiform, 1400-4000(-7250) mm (mean 5 2858 6 893 mm, n 5 95) 3 (350-)400-900(-1050) mm (mean 5 652 6 150 mm), reddish brown to black or rarely light brown, often white tipped; inner matrix yellow brown to dark rusty brown, consisting of pseudoparenchymatous tissue. Ascocarps (FIGS. 2, 4) produced within stromata, globose to subglobose, nonostiolate, with white to light brown interior; each stroma containing 1-8(-10) fertile ascocarps, 1-8(-11) infertile ascocarps or a combination of the two; fertile ascocarps (130-)150-560(-630) mm (mean 5 358 6 118 mm, n 5 92) 3 (90-)100-460(-520) mm (mean 5 274 6 102 mm); infertile ascocarps (60-)70-280(-350) mm (mean 5 148 6 51 mm, n 5 200) 3 (40-)60-220 mm (mean 5 121 6 41 mm); ascocarp peridium (FIG. 3) 14.0-42.0 mm thick, yellow brown to red brown, consisting of compact layers of irregular flattened cells (FIG. 5) . Asci (FIG. 6) globose to subglobose, usually containing eight inordinately arranged ascospores, (16.0-)17.5-27.5(-34.0) mm (mean 5 22.4 6 2.6 mm, n 5 115) 3 (14.5-)17.0-26.0(-27.5) mm (mean 5 20.5 6 2.6 mm). Ascospores (FIGS. 7-9) oblate, finely tuberculate with a thin equatorial ridge, hyaline to pale brown, containing 1-3(-8) oil droplets, globose to broadly ellipsoidal in face view, (6.5-)7.5-10.5(-11.5) mm (mean 5 9.1 6 0.8 mm, n 5 182) 3 (6.0-)7.0-10.0(-11.0) mm (mean 5 8.5 6 0.8 mm). Conidial heads uniseriate or biseriate, radiate, often splitting into several columns, up to 950 mm diam. Stipes 300-3000 mm long, 7-22 mm wide immediately below vesicle, hyaline, finely roughened. Vesicles globose to subglobose, 16-65 mm diam. Metulae 8.1-17.3 3 4.0-8.6 mm. Phialides 7.0-11.3 3 3.0-6.5 mm. Conidia globose to subglobose, (3.3-)4.0-6.0(-8.1) mm, tuberculate.
HOLOTYPE. Dried slant culture with ascocarp-bearing stromata consisting of A. nomius NRRL 26886 (MAT1-1/ MAT1-2) crossed with A. nomius NRRL 58994 (MAT1-2); deposited with the National Fungus Collections, US Department of Agriculture, Beltsville, Maryland (BPI 880386). NRRL 26886 was isolated from soil collected 26 Jun 1997 from a cotton field in Concordia Parish, Louisiana, USA, and NRRL 58994 was isolated from soil collected 27 Jun 1997 from a cotton field in Natchitoches Parish, Louisiana, USA (Horn and Dorner 1998) . Living cultures of both strains have been deposited in the ARS Culture Collection, Peoria, Illinois, USA.
Additional sexual crosses examined: MAT1-1 3 MAT1-2 crosses examined were NRRL 26451 3 26878, NRRL 26451 3 26883, NRRL 58993 3 26450, NRRL 58993 3 58994, NRRL 26887 3 26883, NRRL 58998 3 26450, NRRL 58998 3 26453, NRRL 58998 3 58994; MAT1-1 3 MAT1-1/ MAT1-2 crosses examined were NRRL 26451 3 58995, NRRL 26451 3 26886, NRRL 26887 3 58995, NRRL 26887 3 26886, NRRL 58998 3 58997, NRRL 13137 3 26886; MAT1-1/MAT1-2 3 MAT1-2 crosses examined were NRRL 58995 3 26450, NRRL 58995 3 58994, NRRL 26886 3 26450, NRRL 26886 3 26453, NRRL 58997 3 26883.
RESULTS AND DISCUSSION
Sexual reproduction in A. nomius with the formation of multiple nonostiolate ascocarps within the matrix of stromata clearly places the species within genus Petromyces shared by P. flavus, P. parasiticus and P. alliaceus (Malloch and Cain 1972; Horn et al. 2009a, c) . All Petromyces species thus far discovered belong to Aspergillus section Flavi. The anamorphic genus Aspergillus is largely monophyletic (Peterson 2008) and has been divided into a series of taxonomic sections that correspond to major phylogenetic clades based on multilocus DNA sequences (Peterson 2008) . These clades in turn are associated with morphologically distinctive sexual states (where known) that range from the nonstromal ascocarps of Eurotium and Neosartorya to the ascocarps surrounded by thickwalled Hü lle cells in Emericella and the ascocarps borne within stromata in Petromyces; other genera include Chaetosartorya, Dichotomomyces, Fennellia, Neocarpenteles and Neopetromyces (Malloch and Cain 1972 , Peterson 2008 , Samson and Varga 2010 . Galagan et al. (2005) (Kurtzman et al. 1986 ), share only 66-70% amino acid identity. The basic structure of the asexual aspergillum has been conserved over time and divergence within Aspergillus has resulted in relatively minor morphological differences in asexual characters such as conidial color, presence or absence of metulae (seriation), shape of conidial heads, vesicle shape and stipe pigmentation (Raper and Fennell 1965) . Therefore the considerable divergence within Aspergillus is best reflected by the distinctive sexual states as delimited by morphology and by multilocus and genome-wide sequence variation. This divergence is obscured by the placement of the different clades/ teleomorphs into the single genus Aspergillus. There have been proposals to assign single names to fungi and to abandon the dual system of fungal nomenclature in which different reproductive states of a single fungus are placed in different genera (Hawksworth 2004, Pitt and Samson 2007) . Genus Aspergillus has been present in the literature for more than 200 y and is widely recognized, particularly with respect to economically important species such as A. flavus, A. fumigatus, A. niger Tiegh. and A. nidulans. Despite the long tradition in the use of Aspergillus in taxonomy, genera based on the teleomorphic states would reflect divergence among fungi that produce an Aspergillus anamorph and that is the rationale in this paper for formally describing the Petromyces state of A. nomius.
A. nomius originally was described as a cryptic species because of the difficulty in separating it phenotypically from A. flavus (Kurtzman et al. 1987) . Ascospores of P. nomius differ slightly from those of P. flavus and P. parasiticus in size and ornamentation. Ascospore dimensions for P. nomius (9.1 3 8.5 mm, n 5 182) were compared with those of P. flavus (10.0 3 9.3 mm, n 5 100; Horn et al. 2009a) and P. parasiticus (9.7 3 9.0 mm, n 5 94; Horn et al. 2009c ). Analysis of variance followed by StudentNewman-Keuls comparison of means indicated that P. nomius ascospores are significantly smaller in both dimensions (P , 0.001) than those of P. flavus and P. parasiticus. In addition ascospore dimensions in P. flavus are slightly greater (P 5 0.01 and 0.05 for length and width respectively) than those in P. parasiticus. However there is considerable overlap in ascospore size among the three species and the character cannot be unequivocally used for species identification. Similarly the tuberculate ascospore ornamentation in P. nomius under SEM (FIGS. 8, 9) is generally finer than ornamentation in P. flavus (Horn et al. 2009a ) and P. parasiticus (Horn et al. 2009c) , but again there is overlap in the degree of ornamentation and differences cannot be detected with the light microscope. Ascospores of P. flavus and P. parasiticus typically contain a single large oil droplet (Horn et al. 2009a , c) whereas those of P. nomius often contain more than one oil droplet (FIG. 7) , although ascospores with single oil droplets are not uncommon. The sexual state of P. alliaceus can be easily separated from P. nomius, P. flavus and P. parasiticus by the smooth ascospores, 5.5-9.0 3 5.0-7.0 mm (Fennell and Warcup 1959) . In summary the newly discovered sexual state in P. nomius does not resolve its cryptic phenotype and separation of the species from P. flavus still relies predominantly on molecular characters.
All A. nomius crosses resulting in ascosporebearing ascocarps produced viable ascospores capable of germination. However fertile crosses were infrequent and ascospores were not observed in 63 of 83 crosses (76%) (TABLE II). Furthermore the incidence of ascospore-bearing stromata within individual crosses never exceeded 40%. The frequency of ascospore formation among crosses and the incidences of ascospore-bearing stromata within crosses in P. nomius were lower than those in P. flavus and P. parasiticus (Horn et al. 2009a, b) . Several conditions might account for the low fertility in P. nomius. First, temperature and nutritional conditions used for P. flavus and P. parasiticus might be suboptimal for P. nomius. Second, Horn et al. (2009b) suggested that sexual compatibility in P. parasiticus is influenced by the vegetative incompatibility system and that sexual reproduction occurs only between sexually compatible strains belonging to different vegetative compatibility groups. This hypothesis requires additional testing but could account for reduced fertility in P. nomius because vegetative compatibility was not examined in P. nomius and some of the crosses might have involved e Percentage of total number of sclerotia/stromata examined containing one or more ascospore-bearing ascocarps. T Type strain.
FIGS. 1-9. Petromyces nomius. 1. Sclerotia formed in culture. 2. Cross section of stroma with three ascocarps containing ascospores; arrows show peridia of ascocarps. 3. Ascocarp peridium separating a thin layer of the stromal matrix from the ascocarp matrix containing ascospores. 4. Hollow infertile ascocarps. 5. Surface view of ascocarp peridium showing irregular flattened cells. 6. Ascus containing eight ascospores. 7. Ascospores containing oil droplets. 8, 9. Ascospores showing finely tuberculate ornamentation and an equatorial ridge. 2-5, 8, 9 5 SEM; 6 5 bright field microscopy; 7 5 differential interference contrast microscopy. Bars: 1, 2 5 300 mm; 3, 4 5 20 mm; 5-8 5 10 mm; 9 5 1 mm. Abbreviations: SP, stromal peridium; SM, stromal matrix; AP, ascocarp peridium; AM, ascocarp matrix. the same vegetative compatibility group. Third, divergence of P. nomius and P. parasiticus, estimated at 25-55 Ma, is considerably earlier than divergence of P. flavus and P. parasiticus at less than 17 Ma (Ehrlich et al. 2005) . The early divergence of P. nomius and the subsequent evolution of different lineages could account for the high genetic variability reported within the species (Egel et al. 1994; Ehrlich et al. 2003 Ehrlich et al. , 2007 ) and a possible increase in prezygotic and postzygotic genetic barriers that override the sexual compatibility system (Anderson et al. 1992 ). Leslie and Raju (1985) showed that in heterothallic Neurospora crassa Shear & B.O. Dodge the accumulation of natural mutations affects various stages of sexual development. In the yeast form of Cryptococcus neoformans (San Felice) Vuill. the mutation rate associated with 600 mitotic generations was sufficient to significantly reduce mating ability by more than 67% (Xu 2002) .
Sterile ascocarps that did not produce ascospores were common among P. nomius crosses (TABLE II) and contained undifferentiated hyphae or were less commonly hollow (FIG. 4) . Sterile ascocarps also were reported in P. flavus and P. parasiticus (Horn et al. 2009a, c) , and their lack of maturity despite extended incubation is possibly due to the previously mentioned genetic barriers. In addition five unmated single strains, consisting of two MAT1-1 strains (NRRL 26451, 58993) and three MAT1-2 strains (NRRL 58994, 26878, 26880), produced sterile ascocarps (TABLE II) . Formation of sterile ascocarps in single MAT1-1 and MAT1-2 strains also has been observed in P. flavus (BW Horn unpubl). The presence of sterile ascocarps in P. nomius and P. flavus strains containing a single MAT gene suggests that other genes are involved in developmental stages of sexual reproduction. In homothallic E. nidulans containing both MAT1-1 and MAT1-2, deletion of either MAT gene still permits development of sterile ascocarps (Paoletti et al. 2007) . At least 40 genes in E. nidulans are associated with sexual reproduction (Dyer 2007) , and MAT genes likely function downstream of other initiators of sexual development (Paoletti et al. 2007 ). In addition to the occasional formation of sterile ascocarps by P. nomius in the absence of mating, single strains from this study all produced sclerotia (TABLE II), structures that might be considered a stage of sexual development because they also can function as stromata after mating Warcup 1959, Rai et al. 1967) . It has been postulated that these structures serve a dual purpose in the life cycle of Petromyces species, namely surviving adverse environmental conditions as sclerotia and providing genetic variation in populations through sexual reproduction as stromata (McAlpin and Wicklow 2005, Horn et al. 2009c ).
Both MAT1-1 and MAT1-2 were detected in four strains (NRRL 58995, 26886, 58997, 58996 ) (TA-BLE II). None of these MAT1-1/MAT1-2 strains alone produced ascocarps at any stage of development despite the formation of sclerotia and the presence of both mating-type genes. Three strains (NRRL 58995, 26886, 58997) were capable of producing ascospores when crossed with either mating type. Furthermore the three crosses with the highest incidences of stromata containing ascospore-bearing ascocarps (NRRL 26886 3 58994, NRRL 26451 3 26886, NRRL 58995 3 58994) had NRRL 26886 acting as either MAT1-1 or MAT1-2 and NRRL 58995 acting as MAT1-1. Hence, despite the presence of P. nomius strains containing both mating-type genes, the species appears to be functionally heterothallic. It is not understood why the MAT1-1/MAT1-2 strains of P. nomius were not self-fertile. In homothallic fungi MAT genes can occur in different arrangements within the genome (Lin and Heitman 2007) . Homothallic P. alliaceus has tightly linked MAT1-1 and MAT1-2 at a single locus (Ramirez-Prado et al. 2008) , whereas the two mating-type genes are located on different chromosomes in homothallic Neosartorya fischeri (Wehmer) Malloch & Cain (Rydholm et al. 2007 ) and E. nidulans (Galagan et al. 2005) . Even though E. nidulans is self-fertile, the species is still capable of out-crossing with individuals belonging to different vegetative compatibility groups (Croft and Jinks 1977) . It also is possible that P. nomius MAT1-1/ MAT1-2 strains are heterokaryotic for mating type, a phenomenon termed secondary homothallism or pseudohomothallism, and that MAT1-1 and MAT1-2 are resolved in homokaryotic ascospores and conidia as reported in Cryphonectria parasitica (Murrill) Barr (McGuire et al. 2004) . Additional work with MAT1-1/MAT1-2 strains of P. nomius is necessary to examine the functionality of the two mating-type genes, the nuclear condition of strains, the pattern of segregation of MAT genes in sexual crosses and the locations of MAT1-1 and MAT1-2 within the genome.
